There are significant difference in the dynamic responses between the underground and aboveground structures. Based on the seismic mitigation and isolation concept of aboveground structure and the characteristic of seismic response of underground structure, two seismic mitigation schemes with FPB under the bottom of structure and FPB on the top of central column, are designed in this paper. The influences on the seismic responses of a typical subway station are compared by the dynamic time-history analysis of the soil and underground structure system. The results show that the FPB under the bottom of structure can only reduce the transmission of the soil shear effect under the bottom of the underground structure, and the decrease rate is not obvious. However, the shear force and horizontal deformation of the key vertical support components are greatly reduced when the FPB is installed at the top of central column, which can be considered as an effective seismic mitigation measure for underground structure.
Introduction
The seismic safety performance of underground structures has always been considered superior to that of aboveground structures for a long time in the past, which result in that the seismic analysis theories and design methods of underground structure have been neglected for a long time. However, several strong earthquakes around the world have caused varying degrees of damage to underground structures in recent years, including the Kobe earthquake in 1995 and Chi-Chi earthquake in 1999. During the Kobe earthquake, the Daikai subway station was the first completely-collapsed large underground structure in the world seismological history [1] . Since then, the seismic researches of underground structures have attached more and more attention. According to An et al. [2] , not only the shear action of the surrounding soil induced by the horizontal earthquake motion loaded on the structure, but also the vertical inertia force and gravity of the overburden soil and structure caused by the vertical earthquake motion would act on the top slab. The central columns under high axial force were brittle failure due to the lack of ductility, which further caused the failure of the top slab.
The study on the seismic failure mechanism is the foundation of the research on the seismic mitigation of underground structure, which also plays an influential role to improve the seismic safety of underground structure. In fact, the study on seismic mitigation technology was firstly carried out for the aboveground structures and the relative typical seismic mitigation device is friction pendulum bearing (FPB). FPB was proposed by Zayas et al. [3] , and the main seismic mitigation mechanism of FPB is using the sliding surface to extend the nature vibration period of the structure. The application of FPB to aboveground structure illustrated its good isolation effect. However, the study of seismic mitigation of underground structure started relatively late, and the seismic isolation technology was seldom studied. It is primarily implemented by installing a thin isolation layer between the soil and structure, and the layer could reduce the imposed deformation on the structure. Ma et al. [4] studied the shock absorption effect of setting sliding support at the end of the middle column in the subway station by referring to the idea of seismic isolation of the ground building structure.
In general, the seismic isolation mechanism is relatively clear for the FPB adopted in the aboveground structure, and the seismic isolation effect is obvious. While the seismic isolation mechanism of the FPB used in the underground structure is not clear and needs further study. Two seismic mitigation schemes with FPB under the bottom of structure and FPB on the top of central column, are designed for aboveground and underground structure in this paper. By comparing with the aboveground structure, the seismic mitigation effect of the two different schemes are discussed, which can further explains the mechanism of the FPB in the underground structure.
Model Parameters

Structure, Site and Earthquake
The Daikai subway station is selected as the research object during the numerical analysis in this paper. As shown in Figure. 1, the standard cross section of the station is a rectangular section with a width of 17m and a height of 7.17m. The cross section of the central column is a rectangular section with a length of 1m and a width of 0.4m. The height of the column is 3.82m and the distance between two adjacent columns is 3.5m along the longitudinal direction of the structure. The elastic modulus of lateral walls, top and bottom slabs is 30GPa and the density is 2500kg/m 3 . While the elastic modulus of the equivalent column is 8.57GPa and the density is 714kg/m 3 in the 2D model. After the Kobe Earthquake, some geological surveys were carried out to obtain the material property of the site, including the shear wave velocity, Poisson's ratio and unit weight. All the soil and structure properties are listed in Figure 1 as well. The nonlinearity behavior of the soil is simulated by the equivalent linearization method by defining the G/G max -shear strain and damping ratio-shear strain curves in EERA program [5] , and the typical constitutive curves of different soil as shown in Figure 2 are applied in this paper. During the dynamic time-history analysis, the earthquake motions obtained at the monitoring station of Kobe University was used. Figure 3 shows the horizontal and vertical components of the acceleration time history respectively. Among all the analyses in this paper, the peak acceleration of the horizontal earthquake motion is adjusted to 0.1g and the vertical earthquake motion is scaled at the same proportion. 
Seismic Mitigation Scheme
The dimension details of the FPB are shown in Figure 4 . The slid radius of the bearing bottom plate is 1000mm, and the friction coefficient of the FPB is assumed as 0.01. There are mainly two kinds of seismic mitigation schemes conducting in this section. Firstly, the FPB is set at the bottom of the structure, which refers to the idea of seismic isolation of aboveground structure. Secondly, the FPB is set at the top of the central column, which is proposed for underground structure at the base of the seismic response characteristics. The seismic mitigation schemes of the underground structures are shown in Figure 5 . Figure 4 . Size of friction pendulum bearing (unit: mm). Figure 5 . Seismic mitigation schemes.
Finite Element Model
All the numerical analyses are established by the finite element code ABAQUS and the FEM of the dynamic time-history analysis are shown in Figure 6 . For computational efficiency, the total length of the soil-structure model is 119m. The distance between the lateral boundary of the structure and the soil is three times the width of the structure, which meets the requirements of Chinese standards. In addition, the friction contact is set between the outer surface of the structure and the surrounding soil.
The friction coefficient is set as a commonly used value of 0.4. The dynamic time-history analysis method can consider the horizontal and vertical earthquake at same time, in which the energy transmitting boundaries and viscous boundaries are used along the lateral boundaries in the numerical model by introducing spring and dashpot elements. Moreover, the free field response is also considered as a force boundary condition input along the lateral boundaries [6] . The quadratic plane-strain elements with four nodes are adopted for both the structure and soil in the numerical analysis. The element size is selected to ensure the efficient reproduction of all the waveforms of the whole frequency range under study. The mesh size of the soil was about 1m, while the size of the soil near the structure was smaller, 0.5m. During preliminary sensitivity analyses, some more refined models were applied, and they had little influence on the computed results. As shown in Figure 6 , the analysis mainly include two steps. Initially the gravity load is introduced within a static step. Subsequently, the earthquake motions are introduced within an implicit dynamic step. The FPB is modeled by plane-strain elements in dynamic analysis and the other parameters of the time history analysis of structure with FPB are consistent with the prototype model, including the size of finite element model, the input earthquake motions, and the artificial boundary conditions, and so on. 
Seismic Mitigation Mechanism
Seismic Response Analysis
The horizontal lateral drift ratio between two nodes at the top and bottom of the left and right side walls with altitude difference of 7.17m and two nodes at the top and bottom of the central column with altitude difference of 3.82m are selected for comparison. All the time history curves of the drift ratio of different structures and decrease rate of internal forces are shown in Figure 7 and Figure 8 . Moreover, the peak values of each response and the corresponding decrease rate of different seismic mitigation structure are also marked. The decrease rate is defined as:
where D P is the dynamic response of the prototype structure, including lateral deformation and section internal force; D M is the dynamic response of the seismic mitigation structure. FPB under the bottom of structure can also reduce the lateral deformation of the structure, but the decrease rates are relatively small, about 7%. The reason is that the bottom of the prototype structure needs to bear large soil shear under the earthquake load, while the shear force cannot effectively act on the bottom of the new structure after introducing FPB under the bottom of the structure. When the FPB is adopted on the top of the central column, the stiffness of the underground structure will also decrease, which leads to the increasing of the drift ratio of the left and right walls of the new structure. Nevertheless, the lateral deformation of the central column is significantly lower than that of the prototype structure, with a decrease rate of about 30%. The gray parts in the middle of Figure 8 is the area with a decrease rate less than 0. The FPB under the bottom of structure cannot make an obvious reduce effect on the seismic responses. However, as for the seismic mitigation structure with FPB on the top of the central column, the shear force and bending moment at the bottom of the central column also show a significant decrease rate of 80% and 60%, respectively. 
Mechanism Analysis
The curve of soil-structure interaction coefficient along with the change of soil-structure flexibility ratio is listed in Figure 9 [7], in order to explain the phenomenon that the relative deformation of the seismic mitigation underground structure with FPB on the top of central column increase furtherly. X-coordinate represents the flexibility ratio of the equivalent soil and the structure with different elastic modulus; Y-coordinate is the horizontal deformation ratio between the free field and the structure with different elastic modulus. Figure.9 shows that the soil-structure flexibility ratio decreases after the FPB is installed on the top of the column, which leads to the increase of the relative horizontal deformation of the new structure.
The current studies on the earthquake failure mechanism of underground structure have shown that the collapse of Daikai subway station was caused by the lack of shear capacity and ductility of the central column under high vertical pressure. When FPB is installed under the bottom of the underground structure, the trend of the shear force is basically consistent with the prototype structure; when FPB is installed on the top of the central column, the shear force is much smaller than the prototype structure. Since the end constraint of the central column is released after FPB is installed on the top of the central column in US-T, the lateral stiffness of the column is significantly reduced.
Summary
Two seismic mitigation schemes with FPB under the bottom of structure and FPB on the top of central column, are designed for underground structure in this paper. The differences of the seismic mitigation effect are compared by the dynamic time-history analysis method. The seismic mitigation scheme with FPB under the bottom of structure can only reduce the shear force of the soil layer at the bottom of the structure, which result a small reduction of the seismic response. The seismic mitigation scheme with FPB on the top of the central column can reduce the lateral stiffness of the underground structure compared with the prototype structure. It is important that although the most dynamic responses increase, the shear force and deformation of the key vertical support components are greatly reduced. FPB on the top of the central column changes the mechanism of force transfer and avoids the failure due to lack of ductility, which can be considered as an effective seismic mitigation measure for the underground structure.
